Background: Mutations in the parkin gene (PRKN) cause autosomal recessive early-onset Parkinson disease (EOPD).
mutations in compound heterozygotes. The phenotype of patients was that of classic autosomal recessive EOPD characterized by beneficial response to levodopa, relatively slow progression, and motor complications. All heterozygous mutation carriers (T240M or EX 5_6 del) and a 56-year-old woman who was a compound heterozygous mutation carrier (T240M and EX 5_6 del) were free of any neurological symptoms.
Conclusions:
Compound heterozygous mutations (T240M and EX 5_6 del) in the PRKN gene were found to cause autosomal recessive EOPD in 4 members of a large white family. One additional member with the same mutation, who is more than 10 years older than the mean age at onset of the 4 affected individuals, had no clinical manifestation of the disease. This incomplete penetrance has implications for genetic counseling, and it suggests that complex gene-environment interactions may play a role in the pathogenesis of PRKN EOPD.
Arch Neurol. 2006; 63:273-277 E ARLY-ONSET PARKINSON disease (EOPD), beginning before 50 years of age, is clinically and genetically heterogeneous. 1 At least 5 genes have been identified as causal genes for EOPD, including α-synuclein (PARK1), 2 parkin (PRKN, PARK2), 3 DJ-1(PARK7), 4 PTEN-induced kinase 1 (PINK1, PARK6), 5 and leucine-rich repeat kinase 2 (LRRK2, PARK8). 6, 7 Homozygous and compound heterozygous mutations in the PRKN gene are responsible for 49% of familial EOPD and 18% of sporadic EOPD, 8 and at least 109 different mutations have been identified in the Human Gene Mutation Database, including 38 nonsense/missense mutations and 38 gross deletions (available at: http://archive.uwcm.ac.uk/uwcm /mg/hgmd0.html), whereas mutations in late-onset cases are rare. We describe herein a large family with EOPD caused by compound heterozygous mutations in the PRKN gene: a missense mutation (T240M) and a gross deletion (EX 5_6 del; deletion of exons 5 and 6). This family draws attention to the broad spectrum of phenotypes in the PRKN group of EOPD.
METHODS

PEDIGREE, PATIENTS, AND HEALTHY CONTROL SUBJECTS
A 3-generation, 20-member family in which 4 members had EOPD (the mother is Irish American and the father is Dutch and American Indian) underwent screening for PRKN mutations. They were compared with 208 patients with PD, including 106 with EOPD (malefemale ratio, 55:51; mean ± SD onset age, 40.2 ± 7.2 years) and 102 with late-onset PD (male-female ratio, 52:50; mean±SD onset age, 63.2±8.7 years), and 134 healthy control subjects (male-female ratio, 69:65; mean±SD age, 57.2±11.2 years). Patients were diagnosed as having PD according to common diagnostic cri-teria. 9 This study was approved by the Baylor College of Medicine Institutional Review Board, Houston, Tex, and all participants gave signed informed consent.
GENETIC ANALYSIS
Genomic DNA was isolated from lymphocytes using standard methods. Polymerase chain reaction (PCR) amplification of the PRKN gene was performed with the use of a thermocycler system (MyCycle; Bio-Rad Laboratories, Hercules, Calif ) for 32 cycles at 95°C for 45 seconds, 58°C for 45 seconds, and 72°C for 45 seconds, for 100 ng of genomic DNA, and 10-pmol primers were used in a 25-µL reaction volume (HotStar Master Mix kit; Qiagen, Amsterdam, the Netherlands). The primers used for PCR amplification cover all coding regions and intron/ exon boundaries of the PRKN gene ( Table 1) . The PCR products were sequenced bidirectionally using a genetic analyzer (ABI3700; Applied Biosystems, Foster City, Calif ).
To determine the frequency of T240M or T240R mutations in patients with PD and in healthy controls, PCR-restriction fragment length polymorphism was conducted using the primer pair 5Ј-TAGAGGAAAAATGAGCAGCCGGGATC-3Ј and 5Ј-CTATTTTTAGATCCTTACCTGACCTCTGTGC-3Ј. The base mismatch is underlined.
The 2-µL PCR products were digested with HpyCH4 IV restriction enzyme at 37°C overnight and resolved on 6% polyacrylamide gel. The T240M or T240R cannot be digested by HpyCH4 IV, resulting in an uncut fragment of 192 base pairs, whereas the wild-type allele can be digested into 159-and 33-base pair fragments.
Semiquantitative PCR was used for quantification of the 12 exon regions of the PRKN genomic DNA using primers (Table 1) ; exon 6 was also detected by real-time quantitative PCR. 10, 11 The glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) was amplified as a reference for quantification of the PRKN genomic DNA. The dose of the PRKN exons relative to GAPDH and normalized to control DNA was determined using the 2 −⌬⌬Ct method 12 :
where Ct indicates the threshold cycle.
The PRKN and GAPDH real-time PCR probes were labeled with fluorescent dyes 6-FAM and 5-TexRed, respectively, at the 5Ј end and with MGB (nonfluorescent quencher dye) at the 3Ј end. In brief, 10 ng of genomic DNA was amplified in a total volume of 15 µL containing 5 pmol of each primer using a realtime PCR machine (iCycler IQ; Bio-Rad Laboratories). For evaluation of our assay, we used samples with LRRK2 R1441G and G2019S mutations as negative controls. 7 All experiments were performed and were accepted only when the standard deviation was less than 10% of the calculated mean concentrations. Gene dosage alternations were confirmed after triple a n a l y s i s . 1 3 T h e s e q u e n c e s o f t h e p r i m e r s a r e 5Ј-AACATCAGTAGCTTTGCACCTG-3Ј for PRKN6F;
To determine the deletion of the PRKN gene changes per messenger RNA (mRNA) splice, lymphocytes from peripheral blood were isolated from the patients and total RNA was extracted with TRIZOL reagent (Invitrogen, Carlsbad, Calif ). The complementary DNA (cDNA) synthesis was completed as per the instructions of the cDNA synthesis kit (Iscript; Bio-Rad Laboratories) using 1 µg of total RNA. Polymerase chain reaction amplification from exon 1 to e x o n 1 1 w a s c o n d u c t e d u s i n g p a i r e d p r i m e r s 5Ј-CACCTACCCAGTGACCATGA-3Ј for forward primer cPRKN1-11F and 5Ј-ACAGGGCTTGGTGGTTTTCT-3Ј for reverse primer cPRKN1-11R. The thermocycling profile was a 3-step PCR (94°C for 1.5 minutes, 58°C for 1.5 minutes, and 72°C for 2.5 minutes) for 32 cycles. We used 1 µL of the first reverse-transcriptase PCR products as a template for s e c o n d a m p l i f i c a t i o n w i t h p a i r e d p r i m e r s (5Ј-TGACCAGTTGCGTGTGATTT-3Ј for cPRKN2-11F and 5Ј-GGTTTCTTTGGAGGCTGCTT-3Ј for cPRKN2-11R) and denatured the PCR products initially at 95°C followed by 28 thermocycles of 1.5 minutes at 94°C, 1.5 minutes at 60°C, 2 minutes at 72°C, and a final elongation of 5 minutes at 72°C. The PCR products were analyzed by gel purification and sequencing.
To determine the T240M change at the mRNA level, the transcribed PRKN fragment from exon 6 to exon 11 was a m p l i f i e d u s i n g p a i r e d p r i m e r s ( f o r c P R K N 6 F , 5Ј-CCCACCTCTGACAAGGAAAC-3Ј, and cPRKN1-11R) and a second amplification with paired primers (for PRKN6F and cPRKN2-11R) and sequencing.
RESULTS
The 4 patients from this white pedigree had typical EOPD, with age at onset of 30 to 38 years (mean age, 34.5 years). 1  GCCCCGTCATTGACAGTT  GAGGCCTGGAGGATTTAACC  227  2  TAAGGGCTTCGAGTGATGCT  GCATGAGCAATGGAGCTG  273  3  CTCGCATTTCATGTTTGACA  TAAATATGCACCCGGTGAGG  394  4  GAGTTTCTTGTCTCAATTTAGATGC  TTTCTTTTCAAAGACGGGTGA  290  5  GTGGAAACATGTCTTAAGGAGTACA  TTCCTGGCAAACAGTGAAGA  225  6  GTCCAAAGAGATTGTTTACTGTGG  GGGGGAGTGATGCTATTTTT  278  7  GCCTTTCCACACTGACAGGTA  AAATTCTTCTGCTAGGGTTTACG  296  8  GGCAACACTGGCAGTTGATA  GGAGCCCAAACTGTCTCATT  230  9  AAGCAAGAAATCCCATGCAC  TGTGCAAAAGCAAACAAGGA  299  10  TTGCCAAATGCAACCTAATG  GGAACTCTCCATGACCTCCA  223  11  CCGACGTACAGGGAACATAAA  ATGATTCTCCCCCAAAGAGC  253  12 GTTTGGGAATGCGTGTTTT AGAATTAGAAAATGAAGGTAGACA 255
Abbreviations: bp, base pair; PRKN, parkin gene. The patients had a beneficial response to levodopa, relatively slow progression of the disease, and marked motor and nonmotor fluctuations, all of which are typically present in patients with the PRKN mutations. Direct sequencing of the PRKN gene identified a CϾT (NT_007422, nt 754455) substitution in exon 6 ( Figure 1A) , changing a threonine codon (ACG) to a methionine codon (ATG) at amino acid position 240 (T240M), rather than changing the mRNA splice site (predicted by http://hgsc.bcm.tmc.edu). The mRNA sequence was also changed by the reverse-transcriptase PCR and sequencing assay. This mutation was absent in 208 unrelated patients with PD and 134 healthy controls. Five healthy family members were heterozygous for the T240M mutation (age, 22-77 years; mean age, 38.8 years).
Semiquantitative and quantitative PCR showed the deletion of exons 5 and 6 in the PRKN gene in this pedigree (Figure 2) . To evaluate the change of the mRNA splice, we conducted nest reverse-transcriptase PCR to obtain the abnormal splice and identified the EX 5_6 del mutation in complementary RNA ( Figure 1B ). All 4 patients harbored the compound heterozygous mutations (T240M and EX 5_6 del) ( Table 2) , but a 56-year-old woman (II:1 in Figure 2 ) with the compound heterozygous mutations had no parkinsonian features. The heterozygous EX 5_6 del mutation was present in 10 healthy family members (age range, 13-75 years; mean age, 34.1 years).
COMMENT
The PRKN gene (PARK2) was mapped to chromosome 6q34 and encodes an E3 ubiquitin-proteasome system. It contains 12 exons spanning about 1.4 centimorgans and encodes a 466-amino acid protein. Parkin protein appears to have 6 phosphorylation sites (3 sites in exon 3, 1 in exon 5, and 2 in exon 6) for casein kinase II, a serine or threonine kinase that is found in the nucleus and cytoplasm of eukaryotic cells and has been implicated to play roles in regulating various cellular functions.
14 Mutations in this gene account for half of familial cases of EOPD.
We identified compound heterozygous mutations (T240M and EX 5_6 del) in the PRKN gene in a large white EOPD pedigree. Patients in this family began to have symptoms in their fourth decade of life, typical of PRKN EOPD. Our cases also share similar clinical features to other PRKN cases, including symptoms at disease onset, beneficial response to levodopa, and the occurrence of levodopa-related motor complications.
The T240M mutation, which presumably eliminates a phosphorylation site for casein kinase II, was found in a patient with late-onset onset PD from North America, and a homozygous T240R mutation in PRKN was previously reported in a Turkish family with EOPD, 15, 16 indicating that this gene site contains an important functional domain of 17 Among 38 known nonsense/missense mutations in the PRKN gene, 3 nucleotides may be substituted by at least 2 different nucleotides, resulting in 2 mutated amino acids, including T240, which indicates that this position is highly liable to produce mutations. The T240M and T240R mutations were not present in 208 unrelated patients with PD or 134 healthy controls, suggesting that they are indeed mutations rather than polymorphisms, as they seem to be rare in general population. Three alternative splicing variants (NM_004562, NM_013987, and NM_013988) of the PRKN gene were described in the literature, and each of them contains exon 6.
To explore the possibility of deletions or multiplications of 1 or more exons, we conducted gene dose studies and found the deletion of exons 5 and 6 of the PRKN gene in this pedigree. Homozygous deletion of exons 5 and 6 was previously found in 2 non-North American patients with EOPD by genome DNA analysis, but the status of the transcripts was unknown. 13 We found that EX 5_6 del carriers in our pedigree can change the mRNA splice by reverse-transcriptase PCR and sequencing.
The PRKN mutations vary from point mutations to complex rearrangements, including deletions and/or multiplications of complete exons. Previous studies suggested that a single mutation may cause EOPD or represent a risk factor for late-onset PD. 15, 18, 19 In a few patients, only heterozygous mutations have been detected, suggesting that a second mutation has escaped detection by the methods used or that some mutations in heterozygous forms are sufficient to cause this disorder. 20 Our study suggests that the heterozygous T240M or EX 5_6 del mutation is of minor importance in EOPD because 5 heterozygous T240M and 10 heterozygous EX 5_6 del carriers were all exempted from this disorder (the oldest ages of neurologically healthy family members with heterozygous T240M and heterozygous EX 5_6 del were 77 and 75 years, respectively), consistent with loss of function of the PRKN gene. The observation that a 56-year-old compound heterozygous female carrier does not at present manifest any clinical features of PD suggests some interaction of PRKN with other genes (epistasis), that certain environmental effects somehow protect this woman from developing PD, or both. 
